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* Objective: Design, build and test a 5 MVA 24 kV/12 kV Modular
controllable transformer (MCT) and demonstrate the functionality.
Budget: $2,293,347 (51,798,315 + $495,032)
* Period of performance: 06/01/2019 — 05/30/2021
* Project lead and partners

e Georgia Institute of Technology — Lead

e Clemson university

e DeltaStar

 ORNL

* Southern Company
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Introduction: Grid Resiliency

Grid Resiliency is one of the key concerns of
modern day grid:
— The ability of a system to return to an optimal/sub-optimal

The current infrastructure is not equipped to
handle High Intensity Low Frequency (HILF) events:

state following a disturbance.

Weather-related emergencies (Hurricanes, Lightning
Strikes)

Physical damage through terrorist attacks

Cyber-physical attacks

EMP bursts
Critical Infrastructure sustaining damage: Smaller Trapezoid -> 100%
Generators, More Resilient g
£ &
Transmission Line Networks &;’ §
Substations g

o

Large Power Transformers (LPTs)
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Today’s grid: rapid adoption of DERs, electric vehicles, changing

Resiliency Metric

MVA-months lost could serve as a

measure for resiliency

Phase Il Phase llI Phase IV
During Contingency  Contingency Restoration
—— ]
LPhasal / Phase V
\ / Post-Restoration
Time
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Large Power Transformers - Problems Gegraia | pistributed

Energwy

e Large Power Transformers (LPTs) are critical pieces of
today’s electricity infrastructure.

* Failure of a single LPT can disrupt electrical services to
30-100,000 customers.

* Following problems make LPTs extremely vulnerable
and very difficult to replace upon failure
— Aging assets
— Unique designs
— Long turn-around times

— Transportation delays
— Foreign manufacturing infrastructure
— Limited flexibility embedded in the grid
 What is the most resilient approach to handling
loss of LPT contingency?
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Large Power Transformers - SOA

How does the current infrastructure handle this?

Mobile Transformers
. 3-phase units up to 100 MVA and 230 kV
delivered fully assembled and prefilled with
the transformer oil for fast deployment.
. For larger MVA, 1-phase modules are used.
* DoE-sponsored RecX transformer
Single phase modular transformer
. Factory to site-installation in 3-6 days instead
of the typical 4-6 weeks.
 Spare Transformer Equipment Program (STEP)

e NERC’s Spare Equipment Database (SED)

Need to stimulate innovative LPT designs that promote
greater standardization to increase grid resilience

Georgia
Tech

Center for
Distributed
Energwy
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Main Problems

%0
MVA

132/33kv
100 MVA
10%2

|

W

» 132/33kv
v 100 MVA
10%2

Area 2

105
MVA
BYBK W
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10%z
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RecX
A Transformer
132/33 kv
100 MVA

7

Area 2

4%z

Mismatched impedance in replacement units causes

changes in power flow patterns.

Higher losses make these only temporary solutions
Not a fully resilient and reliable approach

Lack of controllability limits adoption of solution

Advanced Grid
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Approach: Modular Controllable (Hybrid) Transformers °SeTh | Pisrhutsd
1L _E*@ A Unique Features

Replace LPT with
multiple small MCT unis
rated MCTs

Replaced By

GLEN LYN

REUSENS

(® GENERATORS
7 © SYNCHRONOUS
CONDENSORS

MCT: Transformer augmented with a fractionally-rated converter to provide

full P/Q/V/1/Z control

Standard Transformer 115/46 kV 56 MVA
Transformer

Vz =lline * Zxmr I_line
8% injection 3.68 kV - —
tion 3 Y
4 N ‘
/ \ xmr
I‘ "N IV Vbus
3.68kVv v

5 MVA converte'r_ . Veconv

400 kWhr
storage augmented

‘..f
Power electronics provide ‘
dynamic load balancing
caused by mismatched 3 é
impedances : R ‘(
T ¢ g
AN -7 )
V)
AR
T
¥ ‘//“' [ Fail-Normal ’
it | | switch
|
1) —|

Transformer and fail-normal switch as single unit Converter as a separate unit

v’ Standardization - simplified inventory and build
v Modularity - scalable

v' Flexibility —install in a centralized of dispersed way
v Mobility — Faster restoration

v’ Resiliency Improvement

Operational control (P/Q/V/I/Z)
Fail-Normal — High reliability

Standard industry designs — low cost
Fractional-converter rating - low cost

N X X X

Simplified converter BIL management

® Advanced Grid

Research

OFFICE OF FI FCTRICITY
US DEFARTMEMT OF EMERGY



Significance: Case Study

*  Simulation includes N-1 contingency analysis and
determination of the most severe transformer
outages in the Texas system.

*  Then outages for a conventional and MCT
transformer cases are modeled.

* A 200MVA transformer is considered (replace

2000 Buses | 200 MVA with three 67 MVA MCTs).
2481 Transmission Lines
565 LPTs
Comparison of R
S daily cost Significant
P difference with } Savings!
$400,000 respect to normal
S baseline The cost difference between

conventional and MCT is
comparable for both normal
and secure contexts.

$200,000 }‘
«
$100,000
S- -

B XOUT B MCT B SEC_BASE SEC_XOUT mSEC_MCT

.m_ﬁCOD.OD

>
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If the disturbance occurs once in the 30-year lifetime of the equipment, the replacement is justified
based exclusively on the improvement in resilience with the MCT as determined by decreased operational cost under secure dispatch
— economic impact of power flow controllability not considered
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Significance...contd

LMP w/o

Congestion Management

LMP w/ MCT

MCT

Voltage Control

DER Integration Through

812 kW

Aggregate Power shed 90
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Power Flow Control

/
3
=
=
=
_ \L\

Variable Impedance

9

Gen 1 1.05 Ability to adjust the net impedance /.
104l ﬁ ~— Voltage without LTC to that of the LPT replaced 4
650 1 ‘ /\ — Voltage with LTC |
103 N 7h i
s 615 632 633 5 64 102l _ : Impedance
. . 3E—- %6 I i Control
1.01 - g 5 1
L -9 |
611 634 671 692 675 ! |
e e 0.99 - 4+ 1
|
0.98 - 1
o ° > 1
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Daily Voltage Variation .
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Technology Status

2013-2016/ ARPA-E/G-CDPAR

. Center for
Geoggcla Distributed
Ehergy

2017 — 2018 / DOE/ MCT Phase -1

eyl Normal. " . ...
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* 1 MVA Xmr w/ 3% voltage injection | o oo amy e o
capability e TR Replace 200 MVA LPT with multiple small rated Modular
* 13 kV/1 MW Field Demonstration on a s L e e Controllable Transformers (MCT) to improve grid resiliency
two feeder system R a1 and operational control (P/Q/V/1/Z).
13 kV 1 MW Power Router Field Demo o ! 139 kV/ 39 kV 56 MVA transformer w/ 8 % voltage control.
s RS I N L Delta Star designed 56 MVA LPT with following features
= ! |y | Data from ) )
gt N R A * Integrate fail-normal switch
; : F s i/ % T .. . T .
S e T * Minimize transportation and commissioning time
R L T * Shipped with bushings and oil filled
o< I I I I [ —a—
i Pl e
s control room o 5 ! = 1134 10‘1 =
time (s)
56 MVA Direct Oil Forced Air Transformer
2017/ARPA-E/G-CNT
* 13 kV 1 MVA Xmr + 5% control 3-level BTB converter
* Demonstrated in lab environment
\ x 1e5 .‘iw g e
\‘::Z,?:nq T.'.ocv
2 223w of power flow control Y .
2 | [ Pref ;j::‘v;:'- \/-\v./-\/\
! ;ilees ::caifse:za::a-\al-.va‘ofapew_r N Steady-gate ::;5:;:{{-{ —‘,’”"w:;-‘ == /“:H'\—' = :“I“\_
:fjg' ‘“:,‘:‘:‘:“__ ST S /‘f’-‘»‘— ! ;\\-Iff N IS o i -
o110 Via Vian Vier < A SRR e e S
‘Il o Qref T S Aems e Mes Mo Aes s A e 6
" R S R R UETETSEIECENETE . Smea
9 12.47 kV/ 1 MW Back-to-back converter
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Project Objective
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* Design, build and test a 5 MVA 24 kV/12 kV MCT and demonstrate the functionality, which includes
modularity, power flow control, interoperability through variable impedance and connection of multiple
voltage levels, storage integration, and fail-normal design.

* Assess the impact and penetration level of the proposed MCT and evaluate cost-effectiveness compared to

traditional LPTs.

P/Q/V/I/Z Control

3 -level NPC
5 MVA converter
8% injection

24 kv
13 kV
12 kV
XAl
1 kV

A U1
T+ TH

Fail-normal

Ll

bypass

TTT

Proposed System Features

Modularity v Fail normal designs
Manufacturability
Transportability

Scalability

Backwards compatibility
Interoperability OEM requirements
Overload capability

Protection

Voltage regulation
Power flow control

AN N N N NN
AR NENEN

Storage integration

Fail Normal Switch — Fault

. o 20000 per 20 cycles
current carrying capability

Dual primary voltages - 24

Multiple voltages Number KV and 12 kv
System efficiency % >98.8%
Power flow control MVA +/-0.9 pu
Voltage regulation % +/- 8%
Impedance control % +/-3%

® Advanced Grid
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* 5 MVA Transformer

e 24 kV and 13 kV dual primary voltages
* Tertiary taps for converter

* Fail-normal switch integration

3-level Stack
from Semikron

Parameter Value

e DC Voltage 1500Vdc
Output current continuous 722Arms
« Normally-closed switch + SCRs Output voltage >40V-690Vac
!EL‘ Coemal e 20 kA for 20 cycles Maximum output power 400 kVA
8 . i
— 250 A Nominal current Switching frequency 5kHz
< « 580V
 Integration with transformer HOEL EiEir Ll
T 40°C

amb

Advanced Grid
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Demonstration Plan

Test fail-normal switch at 20 kA for 20 cycles at
NEETRAC, GT facility

. Center for
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Test at 24 kV Grid Simulator facility,
Clemson University

] BIKY

e Tusa ) TusB

75 MVA T.5MVA
4160V 4160 V
Vacuum Line Regulators
Breaker +10% each
(n 1 1 m :q vvvvvv ) Jrauz Yrauz N
General tor [ T
Breaker E E E 7200V Emmu v g Rapped S PAIZ
7 7 7 L B CTRIBUSA |) aaaaa m|J |) sasour |)
= 1O ) gigpy  PRAVZOUT CTRLBUS2 Iiaﬂ CTRLBUS3
\—'—‘ P
Rental or purchased (]
8 13.8KV/4160V k% %
Ideally {3} 1ph to fully
I ( Ts38
4150,"23?!?\??.5 A test unbalanced loading A £160/23 9KV 7.5 MVA
{3} 1ph transformers 13) 1phtransformers
Test 1.0 kV 400 kVA converter at CDE, GT lab o e —
CTRIBUS1A )—l— DUT — CTRLBUSIE ) iﬁiﬁ’:::&:fai
REDBOARD_TS3A 35kV elbows
T-body deadbreak =31
35kVelbows ;’“[’
M“J Eal e r—— - DN 111:) RON mvl) » 3;) }mw:) ] ul:)
é =
430V 1kv . s I 1 min I
| e —
40 kVA coupling asw P12 |
: inductors AN 1
Variac Battery stack MCT ; 15 Mvar (22— l
0-480V Step_up 40 KVA converter % %
40 kVA Transformer 400 kvA Base flows | Controlled
‘ ‘ ows
40 kVA - 4.5 MW | |
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Project schedule, deliverables, and current status Gegragia Distributed

! Energy

ol o233 EEEEETIETE
($1,798,315 + _ _

5495,032)

+ Expenditure: Just FairNommalswitch | ayzopos |

started 5 MVA Transtormer DesignandBuid | /20/2020 |

400 VA Comvertertested | _sjaoja0z0 |

test it preparation | _1a/zopoz0 |

imegrationand Testig | sysojp0m |

System anayss | dizopor |

Deliverable Planned completion date
Project Management Plan 6/31/19
Data Management Plan 8/30/19

Design and build of a 24 kV/ 13 kV 5 MVA MCT with +/- 8% voltage injection capability. The 5 MVA unit will be tested [YE[/FX]
at 24 kV test facility to verify the functionality. A detailed report of the test facilities will be generated.

Detailed report for specific use cases and scenarios developed to assess the impact and penetration level of the ¥pPLIPX!
proposed MCT and evaluate cost-effectiveness compared to traditional LPTs,

13
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Anticipated challenges and risk mitigation strategies ©°%33 cistributey
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Risk Likelihood Impact Potential Impact Mitigation Strategy
Loss of testing facility Low High Scope of project will be | Build a 13 kV loop testbed at GT
reduced or Significant | to demonstrate certain
delay in starting functionalities of the MCT
demonstration phase in
Task 7.0
Limited test facility capabilities Low Low Functionality
demonstrated at a
lower power level
Loss of key individuals Low Low Delay in certain tasks Backup person is available for
every key role
Failure of Converter Medium Low Delay in demo Task Redundant/ backup materials will
components during testing be procured.
Damage of Converter Medium Low Delay in demo Task Use sophisticated freight for safe
components during shipping transportation

Advanced Grid
esearch
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Broader Impact Tech | 207y

* The results of this project will be widely disseminated through technical
conferences and publications.

* The research efforts will also result in graduate students at Georgia Tech and
Clemson writing the results of their research in thesis documents, which will also
be available.

* Finally, any reports emanating from this project work will also be available for
unrestricted viewing.

g== Advanced Grid
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Thanks

Deepak Divan (ddivan@ece.gatech.edu)
Prasad Kandula (krprasad@gatech.edu)
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